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TITLE OF THE INVENTION 

OPTICAL THRESHOLD AND COMPARISON DEVICES AND METHODS 
BACKGROUND OF THE INVENTION 

The invention relates to optical devices and methods for optical threshold 
5 determination and for performing comparison functions, as are used in signal 
regeneration, pattern recognition and optical computing applications. 

Figure 1 of the accompanying drawings shows an optical device as proposed 
by Gray et al [1]. The proposed device is an amplifier made of an active gain medium 
such as a rod used for a solid state laser. In operation, one signal Ii is injected straight 

10 through the gain medium and another signal L> is injected in a zigzag path defined by 
total internal reflections from the sides of the gain medium. The zigzag path is longer 
than the straight path and thus has a higher net gain. Its output is thus more sensitive 
to variations in the gain of the gain medium than the output from the straight path. 
This allows a signal injected in the lower gain straight path to control the gain of a 

15 signal travelling in the zigzag path by cross saturation of the gain, i.e. cross gain 
.modulation (XGM). Light input into the amplifier along the straight path thus 
represents a control input, whereas light input along the zigzag path represents a 
signal input to be modulated. 

Figure 2 of the accompanying drawings shows another optical device proposed 

20 by Gray et al [1] (see Fig. 10(a) of that reference) which is an optical differential 
comparator based on two of the above-described amplifiers connected in a feedback 
configuration. A portion of the signal output from a first-amplifier 1 is fed back to the 
control input of a second amplifier 2 by means of a partially reflecting mirror 3 and 
further routing components 4 which may be a sequence of waveguides or mirrors. 

25 The feedback action results in operation analogous to that of an electrical differential 
amplifier or comparator, as illustrated in Figure 10(b) of reference [1]. Threshold and 
logic functions are also discussed in reference [1]. 
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Figure 3 of the accompanying drawings shows a further prior art optical device 
according to Parolari et al [2]. This device may be considered to be a development of 
the free-space device of Figure 2 proposed in reference [1], The device comprises two 
amplifier elements 120 and 130 analogous to the corresponding elements 1 and 2 of 
5 Figure 2. These are implemented as semiconductor optical amplifiers (SOA's). A 
portion of the output signal from the first SO A 120 is fed back to the input of the 
second SOA 130. Similarly, a portion of the output signal from the second SOA 130 
is fed back to the input of the first SOA 120. Input and output side three-way couplers 
123, 121, 133 and 131 (Cn, C21, C12 and C 22 ) are provided for this purpose, as 
10 illustrated. 

In the prior art free-space device of Figure 2, the two beams are separated 
spatially and thus do not interact. By moving to the waveguide implementation of 
Figure 3, spatial separation is lost. To overcome this problem, spectral separation is 
provided by using two different wavelength X\ and X 2 and inserting first and second 

15 optical filters 129 and 139 after their respective SOA's in order to separate the 
interacting signals. The first optical filter 129 is transmissive at the wavelength X\ of 
the first SOA 120 but absorptive at the wavelength X 2 of the second SOA 130. This 
prevents the feedback signal P/ e edback(^ being transmitted to the coupler 121 and on 
to the device output together with the output signal P ou t(Ai). Similarly, the second 

20 optical filter 139 is transmissive at the wavelength X 2 of the second SOA 130 but 
absorptive at the wavelength X\ of the first SOA 120. The filters 129 and 139 may be 
bandpass or cut-off filters. Bragg reflectors could be used, for example. 

In addition, optical isolators 124 and 134 are inserted before both SOA's. This 
helps suppress problems arising from the use of SOA's as the non-linear active gain 

25 medium. These SOA problems may arise from: (a) the high small signal gain for unit 
length; (b) parasitic oscillations which may occur due to reflections in the circuit 
decrease the gain available for compression; and (c) the total device efficiency. 
Coupling ratios are chosen from a trade off between the feedback and output powers. 

In summary, the device of Figure 3 may be considered to be a waveguide 

30 development of the free-space device of Figure 2 in which two wavelengths X\ and X 2 



are used instead of one, in conjunction with optical filters 129 and 139, and the 
isolators 124 and 134. 

The maximum bit rates that can be handled by the prior art devices of 
reference [1] and reference [2] would be limited by the carrier lifetime in the active 
5 gain medium. In addition, the inventors have also realised that the maximum bit rates 
are also limited by the propagation time associated with the feedback paths. The 
propagation time is defined by the device topology and would limit the ultimate 
maximum speed of any such device, if the active gain medium response time is very 
short. 

10 The XGM effect is also discussed by Fatehi et al [3] in relation to Erbium 

doped fibre amplifiers (EDFA's). Moreover, it has been proposed to exploit the 
related effect of cross phase modulation (XPM) in various interferometer devices 
[4][5][6]. 
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SUMMARY OF THE INVENTION 



According to a first aspect of the invention there is provided an optical device 
comprising: 

5 (a) a first active medium having a first propagation path for traversal of a 

first optical signal in a first forward direction; 

(b) a second active medium having a second propagation path for traversal 
of a second optical signal in a second forward direction; and 

(c) a feedback path connecting the first and second active media so as to 
10 route at least a portion of the first and second optical signals, after traversing the first 

and second active media, to the second and first active media as respective second and 
first optical control signals which travel along the second and first propagation paths 
in second and first reverse directions that are opposite to the second and first forward 
directions respectively. 
15 According to a second aspect of the invention there is provided a method of 

modulating an optical signal, comprising: 

(a) providing first and second active media; 

(b) supplying first and second optical signals to traverse the first and second 
active media in first and second forward directions; and 

20 (c) routing at least a portion of the first and second optical signals, after 

traversing the first and second active media, to the second and first active media as 
second and first optical control signals respectively, wherein the first and second 
optical control signals are supplied through the first and second active media in first 
and second reverse directions opposed to the first and second forward directions so 

25 that the first and second optical control signals vary the modulation experienced by 
the first and second optical signals. 

The device and method of the first and second aspects of the invention thus 
fundamentally differ from those of references [1] and [2] in that the optical control 
signal is supplied to the active medium in the opposite direction to the optical signal to 

30 be modulated, instead of in the same direction. 



Whether the optical control signal is supplied in a co-propagating configuration, 
as in the prior art, or in the counter-propagating configuration according to the invention 
has little influence on the XGM effect. However, counter-propagation of the optical 
control signal means that separation of the optical signal and optical control signal can 
be obtained by the direction of propagation alone. Consequently, the optical signal and 
optical control signal can be the same wavelength if desired. Moreover, there is no 
requirement to separate out the optical control signal from the optical signal at the 
output, since it does not appear at the output, but rather at the input of the device, where 
it can be filtered out if desired by a conventional isolator, for example to suppress 
parasitic oscillations. 

With the counter-propagating configuration, spatial filtering by use of different 
optical paths as in reference [1] is also not necessary. (This type of filtering would in 
any case be difficult for typical optical fibre or planar waveguide based devices). For 
the same reason, wavelength filtering is not necessary even when the optical control 
signal and optical signal share the same optical path. In other words, wavelength 
selective filters such as band pass or band reject filters are not needed. 

The counter-propagating feedback configuration allows much shorter feedback 
path lengths to be achieved in comparison to what is possible with a co-propagating 
configuration. Consequently, much higher bit rates can be achieved, since the feedback 
time can be made commensurately shorter. It is estimated that the feedback path length 
can be made around 10 times shorter with the proposed counter-propagating 
configuration, than with a co-propagating configuration. 

A device according to the first aspect of the invention may be implemented with 
optical fibre connections and fibre couplers. Alternatively, the device may be 
implemented as an integrated planar waveguide device using planar waveguide 
connection and Y-couplers. Free-space implementation could also be achieved, but this 
is not envisaged to be particularly interesting for most practical applications. 

In an optical fibre implementation, the device has fewer components and lower 
losses than a comparable device having a co-propagating configuration. Moreover, the 
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device will have a lower switching power, switching power being defined as the 
minimum input power needed to obtain a given extinction ratio. 

In a planar waveguide implementation, the device will be much simpler to 
fabricate and bending losses can be significantly reduced, compared to a co-propagating 
5 device. In a co-propagating device, it is inevitable that the two feedback paths will need 
to cross, and this will add complexity to the fabrication in planar waveguide technology. 
By contrast, with the proposed counter-propagating feedback architecture, there is no 
such crossing to implement, the structure being inherently compatible with planar 
technology. 

10 The proposed novel devices and methods based on counter-propagation of the 

optical control signals thus offer several major advantages which cannot be achieved 
with comparable co-propagating devices. 

The device of the first aspect of the invention can operate as a threshold circuit 
for determining a threshold according to the method of the second aspect of the 
15 invention. Threshold determination has many applications. 

For example, signal regeneration can be obtained by reshaping an optical 
signal which enters an optical decision circuit. All signal levels below a certain 
decision threshold are transformed into a constant low level, and all signal levels 
above the decision threshold are transformed into a constant high level. 
20 Another application is in an all-optical pattern recognition device which needs 

a threshold to distinguish between auto-correlation values (when a target is 
recognized) and cross-correlation values (non-target sequences). 

Moreover, comparison functions can also be employed in optical computing 
applications. 

25 In one embodiment of the first aspect of the invention, the first and second 

active media are arranged so that their optical signal outputs face in the same 
direction. In other words, the first and second active media are arranged with their 
first and second forward directions aligned. The feedback path comprises a bend 
which is arcuate and passes through approximately 180 degrees. 
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In another embodiment of the first aspect of the invention, the first and second 
active media are arranged with their first and second forward directions opposed. The 
first and second output ports face towards each other. The feedback path is 
substantially straight, that is free of curvature liable to produce significant bending 
5 losses. 

The active media of the first and second aspects of the invention may be gain 
media or lossy media so that the optical signals are amplified to varying degrees or 
attenuated to varying degrees depending on the optical control signals. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the invention and to show how the same may be 
carried into effect reference is now made by way of example to the accompanying 
drawings in which: 



Figure 2 shows a prior art optical device comprising two of the amplifiers of 
Figure 1; 

Figure 3 shows a further prior art device which may be considered to be a 
waveguide development of the free-space device of Figure 2; 

Figure 4 shows an optical device according to the first embodiment of the 
invention; 

Figure 5 shows response curves of the device of Figure 4; 

Figure 6 shows further response curves of the device of Figure 4; 

Figure 7 shows an optical device according to a second embodiment of the 
invention; 

Figure 8 shows an optical device according to a third embodiment of the 
invention; and 

Figure 9 shows an optical device according to a fourth embodiment of the 
invention. 



Figure 1 shows a prior art cross-gain amplifier; 
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DET AILED DESCRIPTION 



First Embodiment 



5 Figure 4 shows an optical device according to a first embodiment of the 

< 

ij invention. The device comprises two amplifier elements arranged in a novel feedback 

configuration in which the feedback signal is fed into the amplifier in a reverse 
direction, which, by contrast to the prior art devices of Figures 2 and 3, has no 
electrical analogue. 

10 The device comprises first and second gain media in the form of first and 

second semiconductor optical amplifiers (SOA's) 20 and 30 extending along 
respective optical axes. A first port of each SO A is arranged on the input side of the 
SO A to receive and inject a signal to be modulated through that SO A generally in a 
first direction along the optical axis. Each input signal has a power P m and propagates 

15 in the direction indicated by the accompanying arrows in the figure. A second port is 
arranged on the output side of each SOA to receive and output the signal after it has 
traversed and been modulated by the gain medium to reach a power P ou t- The second 
port also serves to receive and inject a feedback optical control signal of power Pfcedback 
into that SOA in a second direction opposed to the first direction. The feedback optical 

20 control signal acts to vary the gain of the SOA experienced by the signal input from the 
first port. 

More specifically, the first SOA (SOA 1) 20 has a first propagation path along 
which a first optical signal, input as signal P m i(kj), travels in a first forward direction. 
Similarly, the second SOA (SOA 2) 30 has a second propagation path along which a 
25 second optical signal input as P m 20^2) travels in a second forward direction. 

A feedback path 40 is provided that interconnects the outputs of the first and 
second SOA's 20 and 30. As a result, a portion of the first optical signal output from 
the SOA 20 is supplied backwards into the output of the second SOA 30 as a feedback 
optical control signal Pf ee dbacki(A>i)- Also as a result, a portion of the second optical 
30 signal P 0 ua(^d output from the SOA 30 is supplied backwards into the output of the 
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first SOA 20 as a feedback optical control signal Pjeedbackii^- A single bi-directional 
feedback path shared by both feedback optical control signals is illustrated. This is an 
elegant solution, but separate feedback paths for the two feedback signals could also 
be provided if desired in which case isolators could be added. 
5 The feedback signals are injected into the SOA's and travel backwards through 

them along the respective propagation paths in a reverse direction opposite to the 
forward propagation direction of the optical signals injected at the input side of the 
device. The reverse travelling feedback signals thus act as control signals for the 
forward travelling optical signals by virtue of the XGM effect. The feedback action is 
10 thus based on XGM into both SOA's as defined by the powers of the feedback signals 

P feedback 1 and Pfeedbadc2- 

On the output side of the first SOA 20, an optical coupler (Ci) 22 is arranged 
in the feedback path 40. The ratio of the coupler 22 defines the power ratio P 0 uti(ki): 
Pfeedbacki(^i) between the signal output from the first arm of the device and the signal 
1 5 fed back to the second SOA 30. 

Similarly, on the output side of the second SOA 30, an optical coupler (C2) 32 
is arranged in the feedback path 40. The ratio of the coupler 32 defines the power 
ratio P 0^2(^2) : Pfeedbackjty?) between the signal output from the second arm of the 
device and the signal fed back to the first SOA 20. 
20 In a variant of the device, the coupler 32 (or 22) could be removed, or the 

output P out 2(^2) (or Pouti(^O) not utilised. 

At the inputs of the SOA's 20 and 30 respective optical isolators 24 and 34 are 
inserted in order to filter out the feedback signals after traversal of the respective 
SOA's 20 and 30, thus to suppress parasitic oscillations due to back reflections. 
25 In addition, two further couplers 26 and 36, each with a 70/30 coupling ratio, 

are placed before the device. These couplers were used in the prototype to monitor 
the input signals and are not part of the device itself. 
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The device also includes a filter 42 placed in the feedback path 40, namely 
between Ci and C2, to filter out the amplified spontaneous emission (ASE) originating 
from the SOA's. The SOA's ASE power otherwise alters signal gain compression 
efficiency. The filter bandwidth should include the two optical signals' wavelengths, 
or in the case that X\=X 2 could be as narrow as possible to limit ASE effect. It will be 
understood that the filter 42, although advantageous, is optional and could be 
dispensed with. 

In a specific example, the first SO A 20 is an Opto speed MRI/X -500. The 
second SOA 30 is an Alcatel Ml 008. Their outputs are connected by two fibre 
couplers, C\ and C2, which couple part of the output power of each SOA into the 
other. The couplers are 90/10 so that 90% of the output power of the first SOA 20 at 
X\ enters the second SOA 30 through coupler C2. Similarly, 90% of the output power 
of the second SOA 30 at X 2 enters the first SOA 20 through coupler Ci. Thus, about 
81% of the output power of the first SOA 20 is coupled into the second SOA 30 and 
vice versa to provide the feedback action. This choice of coupling ratio is a tradeoff 
between high feedback power and acceptable levels of output power, P ou ti and P ou t2- 
The coupling ratio of the couplers Ci and C 2 can be chosen as desired for the 
application concerned. 

The circuit behaviour can be described by the equation below, which expresses 
feedback action due to cross-gain compression: 

Pout,(A.,)= So, c^UK) (1) 

1 + [PinAO + P,nj(Aj) Gj (1-CjXl-C.M/Psat 

Where ij are either 1 or 2, Go t is the SOA t unsaturated gain, G 7 is the SOAj gain, P sat is 
the input saturation power and P m (XJ f P 0 ut(^i) are the circuit input and output powers 
respectively. SOA t is used here to refer to the i th SOA. In principle X\ and X 2 could 
be the same wavelength which would not be possible in a co-propagating architecture. 
The counter-propagating XGM architecture of the device means that separation 
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between signals is provided by the sense of propagation. Wavelength filtering is not 
needed. 

The device has two main operating points according to the relative balance 
between the two input powers in the SOA's. In these two equilibrium states, the 
5 device outputs are complementary, i.e. the high level of P out f corresponds to the low 
level of P out2 and vice versa. For a fixed value of P in 2(&2)> the high level equilibrium 
state of P 0 ua(^2) is maintained as long as P m iQ^i) is sufficiently low and P 0 uti(^i) and 
Pfeedbacki(^i) are consequently low. Thus SOA 2 gain is not compressed and P ou a(A>2) is 
high. As Pfeedback2(&2) is greater than SOAi saturation power, it compresses SOAj gain 

10 thus keeping P feedback! O^i) low. On the other hand, when P m j(kj) grows, P a utj(Aj) and 
Pfeedbacki(hi) grow too, till the gain of SOA2 is compressed. Thus P 0 ut2(&2) moves to 
the low level equilibrium state. Pf ee dback2(A> 2 ) does not compress the gain of SOAj any 
more, keeping Pf ee dbacki(^i) high. 

With the above-described specific example, experiments have been performed 

15 using two different wavelengths at Xi=1551 nm and a,2=1540 run. The bias current of 
both SOA's were fixed at their maximum values, namely 250 mA for SOAj and 200 
mA for SOA 2 , Simulation data shows that the best results are obtained when the 
amplifiers are operated at maximum bias current where XGM is more efficient. In 
this condition, operation as a threshold device was optimised. 

20 Figure 5 shows experimental data of the response of the device of Figure 4 in 

terms of a graph of output power P 0 ut2(^2) plotted versus P m i0^i) for four different 
values of P m2 (X 2 ) of -6.5 dBm, -12.5dBm, -17.5 dBm and -22.5 dBm. 

The threshold input is P,„i which is varied to test the device, while P m2 is fixed 
at each of four different values. The threshold output P out2 is measured which is high 

25 when P mi is low, and switches to a low value when P m/ is high. The behaviour of the 
device has been further tested to compile the results shown in the table below which 
outlines the circuit performance in terms of output extinction ratio. 
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P,„(\z) [dBm] 


Extinction Ratio [dB] 


-32.5 


15.44 


-29.5 


15.35 


-22.5 


16.35 


-17.5 


19.73 


-12.5 


20.68 


-6.5 


16.24 



5 Switching transient, switching power and extinction ratio values are 

conditioned by the SOA gain and P m 2* SOA gain is a function of operating 
wavelength, bias current and amplifying waveguide parameter. 

Figure 6 shows further response characteristics of the device of Figure 4. A 
series of curves show the behaviour of the device in terms of P 0 ut2(^2) versus PmiO^i) 
10 as one of the input wavelengths X 2 (and thus gain) is changed. Values of X 2 =1530, 
1540, 1552 and 1560 run were taken, all with Xj = 1551 nm and P m 2(k^ = 29.5 dBm. 
From these results it is apparent that optimisation of SOA gain as a function of signal 
wavelength allows performance (i.e. extinction ratio) to be improved. 

The device of the first embodiment can operate both as a threshold circuit 
1 5 (when P in 2 is fixed) and as a comparator (when both P m i and P m2 vary). 

The response speed of the device is now considered. Two of the limiting 
factors for the speed of response are: (i) the inherent SOA XGM response which is 
well known to be less than 100 ps; and (ii) the physical propagation time of the 
feedback signal in the feedback path. The inherent SOA XGM response can thus be 
20 neglected, the response time being limited by the feedback path length. 

An integrated fibre implementation of the device of the first embodiment 
should allow a feedback path of only a few centimetres, where the limiting length is 
not attributable to the SOA's (length of the order of 1 mm) but rather the integrated 




coupling circuit length, specifically the length of the feedback path 40. Even shorter 
feedback path lengths may be possible in integrated planar waveguide 
implementations. In fact, still shorter path lengths are possible in the devices of the 
second and third embodiments discussed further below. 

5 

Comparison of First Embodiment & Prior Art Device of Reference T21 

A comparison between the prior art device of Figure 3 and the first 
embodiment device of Figure 4 is now made. A fundamental difference is that the 

1 0 device of Figure 3 uses feedback conforming to an electrical circuit analogy in which 
the output of one SOA is fed back to the input of the other SOA and vice versa, 
whereas the device of Figure 4 uses feedback that has no electrical circuit analogy in 
which the output of one SOA is fed into the output of the other SOA and vice versa. 
The arrangement of Figure 3 is referred to as a co-propagating configuration, because 

1 5 the optical signal to be modulated propagates in the same direction through the SOA 
as the controlling feedback signal. By contrast, the arrangement of Figure 4 is referred 
to as a counter-propagating configuration, because the optical control signal fed into 
one SOA from the output of the other SOA is fed in backwards at the SOA output to 
propagate through the SOA in the reverse direction as compared to the optical signal 

20 to be modulated. 

Comparison is now made between specific performance aspects of the co- 
propagating waveguide architecture of the embodiment of Figure 4, on the one hand, 
and the prior art counter-propagating architecture of Figure 3, on the other hand. 

1 . Integrability on a single chip: The counter-propagating solution of Figure 4 
25 can be implemented in a single plane and thus can be implemented easily in planar 

technology on a single chip. By contrast, in the co-propagating solution of Figure 3, 
the two feedback paths intrinsically cross each other which would add complexity to 
an integrated device implementation based on planar waveguide technology. 

2. Feedback path lengths: This issue is directly related to the issue of 
30 integratibility mentioned above, since the shortest paths will be obtainable for devices 
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integrated on a single chip. In the devices of both Figure 4 and Figure 3, the 
minimum feedback path length will be defined by the minimum radius of curvature of 
the waveguide bends. The minimum radius of curvature depends on the adopted 
technology, i.e. silicon on silica from 5 mm to 1 cm, LiNbC>3 > 5cm, InP or GaAs > 
5 100 jun. 

As can be seen from Figure 4, the feedback path length for the counter- 
propagating configuration is much longer being the sum of: 

( 1 ) first coupler (C i) arm; 

(2) second coupler (C2) arm; and 
10 (3) SO A2 length, 

which is equal to tt/2 radius_of_ curvature + n/2 radius__of_curvature + 1.5 mm = n 
radius_of_curvature + 1 .5mm « 1 .7 cm (assuming a 5 mm radius of curvature). 

In the co -propagating configuration of Figure 3 implemented with optical fibre 
waveguide connections, the feedback path includes the SOA1 pigtail, which cannot be 

1 5 shortened to less than 2-3 cm to allow fibre splicing, the two filter pigtails plus the 
filter itself (4-5 cm), coupler C21 and its pigtails plus coupler Cn pigtails (4-5 cm), the 
fibre connection between the two coupler (3 cm), the two isolator pigtails plus the 
isolator itself (3-4 cm), the SOA2 plus one of its pigtails (2 cm) which totals to a 
length of 18 cm, i.e. over an order of magnitude longer than for the device of Figure 4. 

20 The feedback time, i.e. the time needed by the feedback signal to travel along 

the feedback path, limits the maximum allowable bit rate. Consequently, the Figure 3 
device will have a feedback time of around 1 ns, the approximate time needed for 
propagation of 20 cm. By contrast, a feedback time of less than 100 ps can be 
obtained with the counter-propagating configuration of Figure 4 integrated on a single 

25 chip. 

3. Switching Power: Assuming that the SOA switching power (i.e. the power 
needed to obtain a suitable extinction ratio) in the two configurations is the same, in 
the co-propagating configuration of Figure 3 the switching power which enters the 
SOA experiences the following losses: (1) Isolator 124/134; (2) Input coupler (C l2 for 
30 Pfeedback(^O); (3) Output coupler (C 2 i for Pf ee dback(A.i)); and (4) Filter 129/139. By 
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contrast, in the counter-propagating configuration of Figure 4, the switching power 
experiences only the loss of the two output couplers (C\ and C?). 

In specific examples of the devices, the Ci coupling ratio of the Figure 4 
device was 0.9, and the C21 and C12 coupling ratios of the Figure 3 device were 
5 respectively 0.9 and 0.7. This leads to a loss difference of 1.1 dB in favour of the 

Figure 4 device taking account only of the coupler losses. The Figure 4 device would i 
compare even more favourably, if isolator and filter losses were also taken into * 
account. \ 
4. Input losses: The input signals also experience different losses in the two 
10 configurations. In the counter-propagating configuration, the input signals enter the 
SOA's directly after the isolators 24/34. In the co-propagating configuration, the same 
isolator losses occur, but the input signals have the additional loss of the input coupler 
123/133. 

It will thus be appreciated that the first embodiment of the invention is 
1 5 superior to that of the prior art device of Figure 3 in terms of integratibility, feedback 
time, switching power and input loss. 

Second Embodiment 

20 Figure 7 shows an optical device according to a second embodiment of the 

invention. The second embodiment will mainly be understood from the first 
embodiment of Figure 4, the above description of which is referred to. In the 
following, the second embodiment is thus discussed in relation to its differences from 
the first embodiment. 

25 The principal difference between the first and second embodiments is the 

replacement of the two three-way couplers 22 and 32 with one four- way coupler 28. 
This change is elegant in that a further component is eliminated, thus further reducing * 
losses, as well as complexity and cost. 

30 
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Third Embodiment 

Figure 8 shows an optical device according to a third embodiment of the 
invention. The third embodiment may be considered to be a planar waveguide 
5 implementation of the second embodiment. 

The device is based on an integrated bidirectional coupler 28, functionally 
equivalent to the four- way fibre coupler 28 of the second embodiment, and fabricated 
on a chip 10. Two SOA's 20 and 30 are deposited in waveguides leading to the 
coupler 28, functionally equivalent to the SOA's of the second embodiment. The 
10 device function will be understood in all other respects with reference to the second 
embodiment. Additional isolators (not shown) may also be provided, as in the second 
embodiment. 

In the third embodiment, the two SOA's 20 and 30 are arranged facing each 
other with a feedback path that does not curve back on itself but. This contrasts to a 

1 5 planar waveguide implementation of the first embodiment of Figure 4 in which the 
two SOA's 20 and 30 are arranged parallel to each other with a feedback path that 
would curve back on itself. The arrangement of the third embodiment has the 
advantage that the feedback path can be made still shorter, thus further reducing the 
propagation time of the feedback signal. In a planar waveguide implementation of the 

20 first embodiment, the feedback path length will be limited by the minimum radius of 
curvature for acceptable bending losses in the feedback path. In the third 
embodiment, this design limitation is removed. In a variant of the third embodiment, 
there could be a straight path between the two SOA's 20 and 30. 

The outputs may bend to emerge from the chip parallel to the inputs, as 

25 illustrated in Figure 8, so that all input and outputs are from the ends of the chip 10. 
Alternatively, the outputs from the (rectangular) chip may be lateral to the inputs. In 
other words, the outputs may come from the sides of the chip with the inputs at the 
ends. Other variations are also possible. 



30 
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Fourth Embodiment 

Figure 9 is a schematic diagram of a fourth embodiment of the invention, 
which may be considered to be a modification of the first embodiment and is 
5 specifically for performing threshold functions. The principal difference between the 
first and fourth embodiments is that, in the fourth embodiment, instead of input of a 
separate second input signal for the second gain medium 30, the second optical 
control signal Pj ee dbacki(^i) is reflected back into the second gain medium by a mirror 
3 1 . The reflected second optical control signal thus serves as the second optical signal 
10 P m3 (k^. 

An external comparison signal is thus dispensed with, the output P out i(^i) 
being a function purely of the single input P m /(Xj) to provide a threshold function. 
The value of the threshold can be set passively or dynamically through choice or 
control of the gain medium (SOA) and the reflectivity of the mirror 3 1 . 

15 In a fibre implementation, the mirror 31 may be implemented as a Bragg 

reflector. Alternatively, a dielectric mirror could be deposited on the end of an optical 
fibre. In a planar waveguide implementation, the mirror may be deposited on the 
cleaved edge of the waveguide chip, or may be internal to a planar waveguide. 

All other components of the fourth embodiment shown in Figure 9 will be 

20 understood with reference to the first embodiment of Figure 4. 
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CLAIMS 

1 . An optical device comprising: 

(a) a first active medium having a first input port and a first output port 
5 arranged to define a first propagation path for traversal of a first optical signal in a 

first forward direction between the first input port and the first output port; 

(b) a second active medium having a second input port and a second 
output port arranged to define a second propagation path for traversal of a second 

10 optical signal in a second forward direction between the second input port and second 
output port; and 

(c) a feedback path connecting the first and second active media so as to 
route at least a portion of the first and second optical signals from the first and second 

1 5 output ports to the second and first output ports as respective second and first optical 
control signals for travel along the second and first propagation paths in second and 
first reverse directions that are opposite to the second and first forward directions 
respectively. 

20 2. A device according to claim 1, wherein the first and second output ports* face 
in the same direction. 

3. A device according to claim 1 or 2, wherein the first and second active media 
are arranged with their first and second forward directions aligned. 

25 

4. A device according to claim 1, 2 or 3, wherein the feedback path comprises a 
bend. 

5. A device according to claim 1, wherein the first and second active media are 
30 arranged with their first and second forward directions opposed. 
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6. A device according to claim 1 or 5, wherein the first and second output ports 
face towards each other. 

5 7. A device according to claim 1, 5 or 6, wherein the feedback path is 

substantially straight. N 

X 

\ 

8. A device according to any one of the preceding claims, wherein the feedback ? 
path is a waveguide shared by the first and second optical control signals which 

10 propagate along the waveguide in opposite directions. 

9. A device according to any one of the preceding claims, comprising a first optical 
isolator arranged to filter out the first optical control signals after traversal of the first 
active medium in the first reverse direction. 

15 

10. A device according to any one of the preceding claims, comprising a second 
optical isolator arranged to filter out the second optical control signal after traversal of 

. the second active medium in the second reverse direction. 

20 11. A device according to any one of the preceding claims, comprising at least one 
multi-way optical element arranged in the feedback path so as to route a part of at 
least one of the first and second optical signals from the first and second output ports 
out of the feedback path for output from the device. 

25 12. A device according to any one of claims 1 to 1 1, wherein the first and second 
active media and the feedback path are integrated in a planar waveguide structure. 

13. A device according to any one of claims 1 to 1 1 , wherein the first and second 
active media are discrete components and the feedback path comprises an optical fibre 
30 waveguide. 
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14. A device according to any one of claims 1 to 13, wherein the first and second 
active media are gain media. 

5 15. A device according to any one of claims 1 to 13, wherein the first and second 
active media are lossy media. 

16. A device according to any one of the preceding claims, comprising a reflector 
arranged to reflect the second optical control signal back through the second active 

10 medium as the second optical signal. 

17. A method of modulating an optical signal, comprising: 

(a) providing first and second active media; 

(b) supplying first and second optical signals to traverse the first and second 
1 5 active media in first and second forward directions; and 

(c) routing at least a portion of the first and second optical signals, after 
traversing the first and second active media, to the second and first active media. as 
second and first optical control signals respectively, wherein the first and second 
optical control signals are supplied through the first and second active media in first 

20 and second reverse directions opposed to the first and second forward directions so 
that the first and second optical control signals vary the modulation experienced by 
the first and second optical signals during their respective traverses of the first and 
second active media. 

25 18. A method according to claim 17, wherein the second optical signal is 
substantially invariant, serving as a reference signal, and the method provides a 
threshold determination. 

19. A method according to claim 17, wherein the first and second optical signals 
30 are variable, and the method provides a comparison function. 



20. A method according to claim 17, 18 or 19, wherein the first and second active 
media are gain media so that the first and second optical control signals vary the gain 
experienced by the first and second optical signals. 

21. A method according to claim 17, 18 or 19, wherein the first and second active 
media are lossy media so that the first and second optical control signals vary the 
attenuation experienced by the first and second optical signals. 



-24- 



ABSTRACT 

OPTICAL THRESHOLD AND COMPARISON DEVICES AND METHODS 

5 An optical device for providing threshold and comparison functions. The device 
comprises first and second SOA's (20, 30) having respective first and second 
propagation paths along which the first and second optical signals, input as signals 
PtniO^O and P in 2p^2), travel in first and second forward directions. A feedback path 
(40) is provided using couplers (22, 32) to interconnect the outputs of the SOA's. As 

10 a result, a portion of the optical signals output from each SOA is supplied backwards 
into the output of the other SOA as feedback optical control signals Pf ee dbacki(^i) and 
Pfeedback2(&2) • The feedback optical control signals modulate the gain of the forwards 
travelling optical signals by cross gain modulation (XGM). In contrast to prior art 
devices, the optical control signal is supplied backwards into the SOA's in a counter- 

1 5 propagating configuration. This allows much shorter feedback path lengths to be 

achieved in comparison to what is possible with prior art co-propagating configurations. 
Consequently, much higher bit rates can be achieved. The device may also be 
implemented in planar waveguide technology. 

20 Figure 4 
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